Abstract -We examine the hopping dynamics of an artificial spin ice system constructed from colloids on a kagome optical trap array where each trap has two possible states. By applying an external drive from an electric field which is analogous to a biasing applied magnetic field for real spin systems, we can create polarized states that obey the spin-ice rules of two spins in and one spin out at each vertex. We demonstrate that when we sweep the external drive and measure the fraction of the system that has been polarized, we can generate a hysteresis loop analogous to the hysteretic magnetization versus external magnetic field curves for real spin systems. The disorder in our system can be readily controlled by changing the barrier that must be overcome before a colloid can hop from one side of a trap to the other. For systems with no disorder, the effective spins all flip simultaneously as the biasing field is changed, while for strong disorder the hysteresis curves show a series of discontinuous jumps or avalanches similar to Barkhausen noise.
INTRODUCTION
There are many systems in condensed matter where a collection of interacting particles or spins tries to find some ordering that minimizes both an effective pairwise interaction and some geometric constraint [1] . For certain types of geometrical constraints, it is not possible to simultaneously satisfy all of the pairwise interaction energy constraints and frustration effects arise. As a result, the typically observed configuration is disordered or only partially ordered. One of the simplest realizations of frustrated interactions is in spin ice systems, such as the pyrochlores [1] , which are named after their resemblance to the proton ordering in water ice [2] . For magnetic spin ice systems, the spin interactions can be locally minimized by having two spins in a tetrahedron pointing inward and two pointing outward. The two-in and two-out rule is an example of a spin-ice rule [1, 3, 4] . There are many variants on the spin-ice rules for two-dimensional systems, including systems with three-spin vertices [1, 3] . In some spin ices, it is possible for the spins to form an ordered state, particularly if some type of external field is applied [1, 3, 4, 5] . Spin ice systems * Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico, USA, e-mail: charlesr@cnls.lanl.gov, tel.: +1 505 665-4976, fax: +1 505 665-3909.
† Department of Physics, Babes-Bolyai University ClujNapoca, Romania also exhibit temperature induced phases including a regime where effective magnetic monopoles can appear [6] .
Recently there has been growing interest in creating artificial spin ice systems using nano-magnetic arrays [7, 8, 9, 10, 11, 12] . The advantage of such arrays is that they are large enough to permit the individual nanomagnets to be visualized readily, while in real spin systems only global averaging can typically be measured. In recent experiments, the magnetic interactions between nanomagnets were made strong enough to permit visualization of the appearance of ice-rule-obeying vertices in a square spin ice system [7, 8] . In principle, a completely ordered ground state exists for the square ice and should have been observed; however, it is likely that the artificial spin ice system contains considerable quenched disorder that prevented the complete ordering of the vertices. Experiments have also now been performed on other systems, including artificial kagome ice [10] and larger ice systems built from smaller ones [9] . Another interesting aspect of these systems is that it is now possible to directly visualize the dynamics by applying an an additional magnetic field to bias the magnetic moment orientations [11] . Recent experiments have shown individual monopole-like defects hopping and annihilating [11] . There has also been a proposal to create similar artificial spin ice systems using colloids on optical trap arrays where the traps have a double well potential [5] or using vortices in type-II nanostructured superconductors [4] . The colloidal systems have the particular advantage that they can be readily performed at room temperature; additionally, it is possible to create large arrays of optical traps with characteristics that can be well controlled experimentally [13, 14, 15] .
The fact that an external field can bias the system into a ground state with a particular orientation suggests that it should be possible to measure a hysteresis loop by determining the net local magnetic moment at individual vertices as the external field is swept. Figure 1 shows a schematic of such a measurement in an artificial kagome ice system created using colloids. Each site on the kagome lattice represents a double well optical potential occupied by one colloid. The arrows indicate the side of the well where the colloid is sitting. If a strong external field is applied to the right, the colloids are pushed to the right side of each well and the overall system obeys the ice rules, forming a state such as that illustrated in Fig. 1(a) . In this case, a quantity analogous to the magnetic moment would be oriented in the positive x direction and the fraction of vertices pointing in the positive direction would be 1.0. Figure 1(b) shows the case for a biasing field applied in the −x direction where the net effective magnetization would be -1.0. As the external field is swept from one direction to the other, it could be possible for the entire configuration to switch direction simultaneously; however, if disorder is present, the switch will occur at different times in different potential wells. The switching of magnetic moments or spins under an applied magnetic field is of general interest for magnetic systems and is not limited to spin ice systems. For disordered spin systems, the spin flips often occur discontinuously or in the form of avalanches leading to jumps in the magnetization curve which are referred to as Barkhausen noise [16, 17] . For weak disorder, the system usually switches in a single large avalanche, while for very strong disorder the spin-spin interactions become irrelevant and only individual spin flips occur. At intermediate disorder it is possible for a distribution of avalanche sizes to occur which may show a power law features of the type associated with critical phenomena. Such behavior has been observed for the random field Ising model at a critical value of disorder [16] . Artificial spin ices represent a unique system in which the dynamics or motion of topological defects can be observed throughout a hysteresis loop. Very recent experiments on an artificial kagome ice system in which a rough hysteresis loop was generated have already shown the appearance of monopole defects in the steepest part of the hysteresis loop [18] .
Here we show that that artificial spin ice systems for colloids interacting with optical traps may be an ideal system for studying the spin dynamics associated with hysteretic responses. Additionally, our molecular dynamics-based computational model has certain advantages over general spin and magnetic simulation models. We simulate the dynamics of the system directly whereas most spin simulations are performed with Monte Carlo methods which may not realistically capture the dynamics of the spins.
Simulation Method
We consider a two-dimensional kagome ice system composed of double-well potential traps. Each double-well potential is occupied by a single colloid, and the direction of the effective magnetic moment of the trap is determined by the well in which the colloid is sitting. [See Fig. 1(c,d) .] There are N = 2400 colloids and N = 2400 double-well potentials in the system. The colloids obey an overdamped equation of motion of the form
Here R i is the position of colloid i, η is the damping constant, and the colloid-colloid interaction force is of the form
We use a Yukawa interaction potential, V (R ij ) = (1/R ij ) exp(−κR ij ), where R ij is the distance between colloids i and j, the screening length is κ is set to 1/(2a), and a is the average distance between vertices in the kagome lattice. The force from the double well traps is F confine colloids at the ends of the trap, and a repulsive parabolic barrier which the colloids must pass over to move from one end of the trap to the other. We have
k is the position of the center point of well k, r p = 0.4λ is the well radius or half width, f p = 15F 0 is the well strength, l k is half the length of the central rectangular region of well k, andp k (p k ⊥ ) is a unit vector parallel (perpendicular) to the axis of well k. The force from the external field is F ext , which would come from an electric field. We sweep the external field by first slowly increasing it from zero to a maximum value of F ext in the positive x direction, and then slowly decrease it back through zero and down to a maximum value of F ext in the negative x direction. Fig. 2 where the external field is reversed before the saturation field is reached. Here the avalanche structure throughout the loop can be more clearly seen.
Hysteresis Loops and Barkhausen Noise
We show results for a system containing 2400 traps and 2400 colloids. Each trap has a double well potential such as that shown in Fig. 1 Fig. 1(a) , p i = −1 if the vertex is polarized to the left as in Fig. 1(b) , and p i = 0 for vertices that do not obey the one-in, two-out or two-in, one-out ice rules. In Fig. 2 we plot M for a complete sweep of F ext from -2.0 to 2.0 and back again. The virgin curve starting from a demagnetized state is not shown. For |F ext | > 1.6, M saturates at M = ±1.0 and all of the vertices obey the ice rules. For intermediate values of F ext , the effective magnetization shows distinct steplike changes. In Fig. 2(b) we show a blowup of one side of the hysteresis loop for 0.82 < F ext < 0.9 to highlight the discontinuous jumps or avalanches that occur in the effective magnetization. The jumps are interspersed with plateau regions in which the effective magnetization remains fixed over an interval of the changing external field. This indicates that there are no flipping events on the plateaus. In Fig. 3 we illustrate that we can also generate a hysteresis subloop by reversing the external field before the saturation field is reached. Here the avalanche dynamics can be seen more clearly.
This results shows that a colloidal artificial ice system exhibits features that are remarkably similar to those of magnetic hysteresis [16, 17] . An experimental realization of this type of system could be used to study the shape of the avalanches during a single magnetization jump and whether there is a return point memory effect. It would also be interesting to perform a statistical analysis of the avalanches for different amounts of disorder to determine if the discontinuous changes occur when different types of vertices are created.
Summary
In summary, we have shown that in a colloidal artificial kagome spin ice system, application of an external driving field can produce hysteresis loops that are analogous to the hysteresis loops found in real spin systems. For disordered potentials, we find avalanches in the hysteresis loop where groups of colloids flip together that are very similar to Barkhausen noise. There is a saturation field above which all the vertices have the same effective magnetic moment pointing in the same direction. In addition to providing a method of tune the density of the different vertex types, this approach may also be an interesting way to understand many other phenomena found in magnetic systems exhibiting hysteresis and avalanches.
